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The  pa per  pres ents  the o ret i cal  and  ex per i men tal  data  con cern ing  mass  and  heat
trans fer  on  B7  struc tured  pack ing,  used  for  deu te rium  sep a ra tion  in  dis til la tion
col umn. The first sec tion of the pa per is ded i cated to mass trans fer study for hy dro -
gen dis  til  la  tion, and the sec  ond sec  tion to mass and heat trans  fer for wa  ter dis  til  la  -
tion.  Math e mat i cal  model  ver i fi ca tion  was  car ried  out  with  ex per i men tal  data,  ob -
tained  from  two  lab o ra tory  dis til la tion  plants  for  deu te rium  sep a ra tion.  The
ex per i men tal  data  con cern ing  B7  or dered  pack ing  ef fi ciency  for  hy dro gen  cryo -
genic dis  til la  tion at  about –250 °C level were ob tained from the first plant, and the
sec  ond plant pro  vided data con  cern  ing mass and heat trans  fer on the same pack  ing
for deu te rium sep a ra tion by wa ter vac uum dis til la tion at about  60 °C level. Height
of  trans fer  unit  and  mass  and  heat  trans fer  co ef fi cients,  eval u ated  the o ret i cally  and
ex per i men tally,  are  com pa ra ble  with  those  from  chem i cal  in dus try  sep a ra tion  pro -
cesses. This fact jus  ti  fies the use of multi-tu  bu  lar col  umn model for trans  fer pro  -
cess de  scrip  tion at dis  til  la  tion col  umn equipped with B7 struc  tured pack  ing.
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IN TRO DUC TION
Iso tope  sep a ra tion  by  dis til la tion  rep re sents
an im  por  tant area of nu  clear energetics. This con  -
cerns heavy wa  ter pro  duc  tion and heavy wa  ter
detritiation. The dis  til  la  tion col  umns are fre  quently
equipped with struc  tured pack  ing. The pack  ing
pro  vides a large con  tact sur  face and in  tro  duces low
pres  sure drop. It is used on large scale in chem  i  cal
in dus try  for  mix ture  sep a ra tion  by  dis til la tion,  ab -
sorp tion,  desorbtion,  etc.
To de sign or sim u late the func tion ing of dis til -
la  tion col  umns, it is nec  es  sary to pro  vide quan  ti  ties
which  char ac ter ize  the  be hav ior  of  liq uid-va por
con  tact el  e  ments, such as the height of trans  fer unit
or the mass and heat trans  fer co  ef  fi  cients.
The  pa per  pres ents  the  re sults  of  the o ret i cal
and  ex per i men tal  re searches  ef fected  to  de scribe
mass and heat trans  fer on B7 struc  tured packig on
hy dro gen  iso tope  sep a ra tion  by  dis til la tion.  This
pack  ing is pro  duced by Na  tional Re  search and De  -
vel op ment  In sti tute  for  Cryo genics  and  Iso to pic
Tech  nol  o  gies – ICIS Rm. Valcea, Ro  ma  nia. The
first time B7 pack  ing was man  u  fac  tured to equip
dis til la tion  col umns  of  the  Ro ma nian  heavy  wa ter
plants. Firms Sulzer and Koch-Glitsch are ac  knowl  -
edged pro  duc  ers of struc  tured pack  ing.
MASS TRANS  FER STUD  IES FOR
HY DRO GEN  DIS TIL LA TION
The liq  uid flow is pellicular at  dis til la tion  col -
umn equipped with struc  tured pack  ing, pre  sented
in fig. 1.
If the void space of pack ing is di vided in par al -
lel tubes, with height equal to pack  ing bed height, a
multi-tu  bu  lar col  umn is ob  tained. Each tube sim  u  -
lates dis  til  la  tion in a wet  ted-wall col  umn [1, 2, 3].
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Math e mat i cal  model
A  mea sure  of  liq uid-va por  con tact  el e ment  ef -
fi ciency is the height of the trans fer unit HTU, based 
on the two film the ory. It may be the o ret i cally eval u -
ated  us ing  the  fol low ing  re la tions  [1]:
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where:
V – va  por flow rate in col  umn, [mol h–1],
dech –  pack ing  equiv a lent  di am e ter,  [m],
Dc  –  col umn  di am e ter,  [m],
e  – void space of pack  ing, [m3 m–3],
KOV – over  all (OV)  mass  trans fer  co ef fi cient
re  lated to the va  por phase, [mol m–2 h–1],
kV – par tial  va por  film  mass  trans fer  co ef fi cient,
[mol m–2 h–1 atm–1], where 1 atm = 101.325 kPa,
kL – par  tial liq  uid film mass trans  fer co  ef  fi  -
cient, [m h–1], 
m – slope of the equi  lib  rium curve,
P – to  tal pres  sure (ab  so  lute), [atm], and 
r
m – mo  lar den  sity of liq  uid, [mol m–3].
The mass trans  fer co  ef  fi  cient in va  por phase
was cal cu lated with John stone and Pigford re la tion,
eq. (3), and in liq uid phase with V . G. Levici cor re la -
tion for Sherwood num  ber, eq. (4) [2, 3].
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where:
A – area of free col  umn sec  tion, [m2],
hV – va  por vis  cos  ity, [kg m–1 h–1]
r
V – va  por den  sity, [kg m–3],
DV –  mo lec u lar  dif fu sion  co ef fi cient  in  va por
phase,  [m2 h–1],
DL –  mo lec u lar  dif fu sion  co ef fi cient  in  liq uid
phase,  [m2 h–1]
Re – Reynolds num  ber,
Sh – Sherwood num  ber,
Sc – Schmidt num  ber, and
dL
c – thick  ness of the mass trans  fer bound  ary
layer of the liq  uid phase [m].
For the wet ted wall col umn the “c” con stant is
equal to 1/2.
Ver i fi ca tion  of  the  math e mat i cal  model  pro -
posed for HTU  the o ret i cal  eval u a tion  is  car ried  out
by com par i son with HTU val ues cal cu lated from the 
ex per i men tal data, HTU be ing the ra tio be tween the 
height of pack  ing bed (Z) and num  ber of trans  fer
units (NTU):
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If the col umn is op er ated at to tal re flux and the 
sep a ra tion  fac tor  a is con  sid  ered con  stant in the
range y
1 – y
2, (NTU)OV may be ob  tained with the
Colburn for  mula [4]:
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where:
y  – va por phase con cen tra tion [mole frac tion], 
and
a  –  sep a ra tion  fac tor.
Ex per i ments
The ex per i men tal plant, by whose means the B7
type  or dered  pack ing  ef fi ciency,  ex pressed  by  HTU,
has  been  de ter mined  is  rep re sented  sche mat i cally  in
fig. 2 [1]. The prin  ci  pal com  po  nents of the plant are a
con denser-col umn-boiler  en sem ble  (2-3-5),  hy dro -
gen liquefier (1), power sup  plies for the elec  tri  cal
heat  ers (8, 9), and mea  sure  ment and con  trol equip  -
ment.  The  iso to pic  dis til la tion  col umn  for  H2-HD
mix  ture has the in  ner di  am  e  ter of 27 mm and at the
height of 550 mm it is equipped with the B7 type
struc tured  pack ing.  This  pack ing  is  man u fac tured  of
phos  pho  rous bronze weave and it has the fol  low  ing
prop  er  ties: spe  cific sur  face of 670 m2/m3 and void
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space of 95%. The nec  es  sary va  por flow rate is pro  -
vided by a boiler which is equipped with an elec  tri  cal
heater. The con  denser at  tached to the dis  til  la  tion col  -
umn is multi-tu  bu  lar and it is cooled with liq  uid hy  -
dro  gen. The liq  uid hy  dro  gen of con  denser is for
0.19-0.5 de  gree colder than the va  pors from the col  -
umn top. This dif fer ence per mits va por con den sa tion, 
so that the liq  uid re  flux is en  sured. The vac  uum jacket
(6) and ra  di  a  tion shields (7) en  sure the ther  mal in  su  -
lat  ing of the ex  per  i  men  tal plant cryo  genic zone. For
the re  duc  tion of the en  tered heat by con  duc  tion in re  -
sid  ual gas to min  i  mum, the pres  sure in the vac  uum
jacked is main  tained at 10–5-10–6 torr (1 torr =
=101.325/760 kPa), by means of the vac  uum pumps
(13) and (14).
Re sults
The ex  per  i  ments have been per  formed at 2, 3
and 4 bar (1 bar = 100 kPa). The pa  ram  e  ters mea  -
sured at ~3 bar are pre  sented in tab. 1, as well as ex  -
per i men tally  de ter mined  (HTU)OV.
The (HTU)exp
 val ues were cal cu lated with re la -
tions (5), and (6). These val ues are also pre sented in
fig. 3, be  side cal  cu  lated val  ues.
Fig ure  3.  HTU vari  a  tion with the vapour ve  loc  ity wf
P = 3 bar,   T = 24.68 K
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MASS AND HEAT TRANS  FER
STUD  IES FOR WA  TER
DIS TIL LA TION
A more com  plex study con  cern  ing mass and
heat trans  fer was con  ducted at the wa  ter iso  to  pic
dis  til  la  tion col  umn equipped with B7 struc  tured
pack ing,  us ing  the  multi-tu bu lar  col umn  model.
Mass and heat trans  fer pro  cesses were stud  ied by
means of the trans  fer co  ef  fi  cients [5].
Math e mat i cal  model
The o ret i cal  eval u a tion  of  the  pack ing  per -
for  mance is car  ried out us  ing pre  vi  ously de  fined
re  la  tions for mass trans  fer (2, 3, 4) and re  la  tions
for heat trans fer. When there is a di rect con tact be -
tween flu  ids, the over  all heat trans  fer co  ef  fi  cient
be comes:
Kt
L V
=
+
1
1 1
a a
(7)
Chilton-Colburn anal  ogy was used to ex  press
the va  por phase heat trans  fer co  ef  fi  cient in terms of
the va  por phase mass trans  fer co  ef  fi  cient [6]
aV P V V C k
V = Le
2 3 / (8)
For the liq  uid phase, a cor  re  la  tion based on a
pen e tra tion  the ory  mech a nism  was  used  [6]
aL P L L C k
L = Le
1 2 / (9)
For mass and heat trans fer co ef fi cient de ter mi -
na tion from the ex per i men tal data, the fol low ing re -
la  tions were used
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Ta ble  1.  Hy dro gen  dis til la tion  ex per i men tal  data
No. Pcol  [bar] Tcol  [K] Pcond  [bar] Tcond  [K] y1×106 y2×106 wf  [cm s–1] ( )exp HTU OV [mm]
1 3.01 24.7 2.88 22.7 88 703 0.53 132.4
2 3.01 24.7 2.91 24.53 93.7 759 0.53 131.3
3 3.07 24.79 2.95 24.6 89.5 742 1.13 128.9
4 2.82 24.4 2.72 24.24 82 696 1.22 131.5
5 3.02 24.71 2.86 24.46 126.2 713 1.7 158.4
6 3.01 24.7 2.86 24.46 119 718 1.71 152.8
7 2.98 24.65 2.8 24.37 88.6 550 1.82 151
8 3 24.68 2.8 24.37 84 563 1.85 144.6
9 3 24.68 2.85 24.4 131 723 2.33 161
10 3 24.68 2.85 24.45 115.5 733.6 2.33 148.8
11 3 24.68 2.8 24.37 89.9 539 2.39 153.6
12 2.78 24.33 2.6 24.04 70.9 558.2 2.48 137
13 2.98 24.65 2.78 24.33 133 563.5 2.74 191
14 3.04 24.74 2.85 24.45 150 708.5 2.86 176.3
15 2.98 24.65 2.81 24.38 168 740.7 2.91 185.8
16 2.96 24.62 2.8 24.37 152 718.5 2.93 177.9
17 3 24.68 2.8 24.37 160 710.8 3.38 184.4
18 2.97 24.63 1.69 22.25 56 508.9 3.88 125.1
19 3 24.68 2.78 24.33 117 670.8 3.89 157.5
Pcol  – pres sure in the col umn, Tcol – tem per a ture in the col umn, Pcond – pres sure in the con denser, Tcond – tem per a ture in the
con denser,  y1 – deu  te  rium con  cen  tra  tion at the col  umn top (mole frac  tion), y2 –  deu te rium  con cen tra tion  at  the  col umn
bot  tom (mole frac  tion), wf –  fic ti tious  va por  speed,  HTU  – height of the trans  fer unitwhere:
Ky – mass  trans fer  co ef fi cient,  [kmol m–2 s–1],
Kt –  heat  trans fer  co ef fi cient,  [kW m–2 °C–1],
aL – heat trans fer co ef fi cient for liq uid, [kW  m–2  °C–1],
aV  – heat trans fer co ef fi cient for va por, [kW m–2 °C–1],
cpL – heat ca  pac  ity of liq  uid, [kJ kmol–1 °C–1],
cpV – heat ca  pac  ity of va  por, [kJ kmol–1 °C–1],
LeL – Lewis num  ber for liq  uid phase,
LeV – Lewis num  ber for va  por phase,
x –  liq uid  phase  con cen tra tion,  [mole frac  tion],
y – va  por phase con  cen  tra  tion, [mole frac  tion],
z – height of pack  ing, [m],
AL – liq  uid flow sec  tion, [m2],
AV – va  por flow sec  tion, [m2],
a1–v – mass trans  fer in  ter  face area, [m2 m–3],
a v 1- ' – heat trans  fer in  ter  face area, [m2 m–3],
L – liq  uid flow rate in col  umn, [kmol s–1],
V – va  por flow rate in col  umn, [kmol s–1],
tL  –  liq uid  tem per a ture,  [°C], and
tV –  va por  tem per a ture,  [°C].
Ex per i ments
The ex per i men tal plant for wa ter dis til la tion is 
rep re sented  sche mat i cally  in  fig.  4  [5].
The  dis til la tion  col umn  has  the  in ner  di am e ter  of
108 mm and at 14 m height it is equipped with the B7
type struc tured pack ing. Two multi-tu bu lar con dens ers 
cooled with wa  ter and a film boiler heated with steam
pro  vide the col  umn with liq  uid and va  por. The ex  per  i  -
men  tal plant has 11 points for tem  per  a  ture and pres  -
sure mea  sure  ment at the dis  tinct out  lets of the col  umn
and one point for re  flux tem  per  a  ture mea  sure  ment.
The col  umn is in  su  lated with min  eral cot  ton.
Re sults
The ten per  cent deutereted wa  ter was used for the
ex per i ments.  The  ini tial  value  main tains  the  con cen tra -
tions in the mea sure ment range of the an a lyzer, 0.5-99% 
D/(D+H). The pres  sure at the col  umn top was main  -
tained at  about 100 mm Hg. The col umn was op er ated
at a vapour  ca pac ity  fac tor of  1.4 m–2 kg s–1. This fac tor
is de  fined as f w = r
1/ 2, where w is fic  ti  tious vapour
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Figure  4.  Sche matic  di a gram  of  the  ex per i men tal
wa ter  dis til la tion  plant
Ta ble  2.  Wa ter  iso to pic  dis til la tion  ex per i men tal  data
z  [m] x [% mol] t [°C] Ptop  [mm Hg] DP [mm H2O] K y
'   [kmol m–3 s–1] Kt
' [kW m–3 °C–1] ( )exp HTU OV [m]
0.0 0.59 53.3 647.5
1.3 1.11 53.3 0.132 3.24 0.176
2.6 1.95 55.1 57.75 0.189 2.76 0.098
3.9 4.00 57.4 0.273 4.75 0.063
5.2 6.38 61.2 589.75 0.161 11.7 0.103
6.7 10.21 61.4 0.137 –1.78 0.115
8.1 15.81 63.85 0.159 1.43 0.967
9.5 29.52 62.8 15 0.243 1.25 0.062
10.9 41.76 63.8 0.133 2.06 0.110
12.3 51.46 62.2 0.0673 5.25 0.208
14.2 72.55 65.8 574.75 2.14 –0.0898 0.063
z – height of the pack ing, x – deu te rium con cen tra tion in liq uid phase , t – va por tem per a ture , Ptop – vac uum at the col umn top, DP – pres -
sure drop, K y
'  – mass trans  fer co  ef  fi  cient, Kt
'–  heat  trans fer  co ef fi cient  ,  HTU – height of the trans  fer unitspeed [m s–1] and r is the vapour den  sity [kg m–3]. The
ex  per  i  men  tal data are shown in tab. 2.
These val  ues per  mit lo  cal mass and heat trans  fer
co ef fi cient  de ter mi na tion,  us ing  re la tions  (10),  (11)
and (12). The co ef  fi  cients de  ter  mined from the ex  per  i  -
men tal  data  are  pre sented  be side  the  the o ret i cal  co ef fi -
cients in fig. 5 and 6.
DISCUSSION
The ex  per  i  ments for B7 struc  tured pack  ing
HTU de  ter  mi  na  tion were car  ried out at two tem  -
per  a  ture lev  els, about –250 °C for hy  dro  gen iso  to  -
pic dis  til la  tion and about +60 °C for iso  to  pic dis  til  -
la  tion of wa  ter. The work  ing pres  sure and
max  i  mum gas rate were ~3 bar and 4 cm/s for hy  -
dro gen  dis til la tion  and  ~100 mm Hg and 5 m/s for
wa ter dis til la tion. Un der those con di tions, the HTU
value range was 0.1-0.2 m. Mass and heat trans  fer
pro cesses  were  stud ied  on  wa ter  dis til la tion,  the
heat  trans fer  co ef fi cient  val ues  be ing  be tween  2  and
12 kW/m°C. The study also in  cluded the  o  ret  i  cal
eval u a tion  of  HTU. The range of dif  fer  ences be  -
tween ex per i men tal and the o ret i cal HTU val ues was 
+15% for hy  dro  gen dis  til  la  tion (fig. 3) and +30%
for wa  ter dis  til  la  tion (fig. 5). The dif  fer  ences be  -
tween  ex per i men tal  and  the o ret i cal  val ues  of  heat
trans fer co ef fi cient are larger (fig. 6). Subcooling re -
flux at the col  umn top, im  per  fec  tions of col  umn in  -
su la tion, and va por super heat ing at the col umn bot -
tom may be the causes of these large dif  fer  ences.
This fact re quires fu ture im prove ment of the ex per i -
ment  con di tions  and  cor rec tions  of  cri te rion  re la -
tion  co ef fi cients.
Pub  lished data re  gard  ing other struc  tured
pack  ing per  for  mances are mostly pre  sented by
height  of  equiv a lent  the o ret i cal  plate  HETP. In or  -
der to com  pare the B7 pack  ing per  for  mances with
other struc  tured pack  ing per  for  mances, we trans  -
formed HTU in HETP, start  ing from the fol  low  ing
equa tion:
Z HTU NTU HETP NTP = × = × (13)
where  NTP means num  ber of trans  fer plate.
NTP/NTU ra  tio may be cal  cu  lated us  ing re  la  -
tion [2]:
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where j is the slope of the equi  lib  rium curve and a
the slope of the op  er  a  tion line.
Fig ure 7 shows NTU/NTP ra tio  vari a tion  with
j/a ra  tio.
At wa ter dis til la tion the curve is al most hor i -
zon tal, con se quently HETP  @ HTU. For hy dro gen 
dis  til  la  tion the curve is far from the hor  i  zon  tal
line. At low con cen tra tions (<0.1%) NTP/NTU  @
1.2. In both cases HETP val  ues lie in range of
0.1-0.24  m.  Struc tured  pack ing  man u fac tured  by
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Fig ure 5. Mass trans fer co ef fi cient, K y
' [kmol m–3 s–1)]
Fig ure  6.  Heat  trans fer  co ef fi cient  K t
'  [kW m–3 °C–1]
Fig ure  7.  NTU/NTP  ver sus  j/a 58 Nu clear  Tech nol ogy  &  Ra di a tion  Pro tec tion  –2/2004
firms Sulzer and Koch-Glitsch have the same per  -
for  mance (0.15-0.25 m) [7, 8]. Heat trans  fer co  -
ef fi cient val ues lie in range of 3-8 W/m2°C, hav ing 
the same or  der of mag  ni  tude as the val  ues de  ter  -
mined at struc  tured cat  a  lyst pack  ing [9].
CON CLU SIONS
The  pa per  pres ents  the o ret i cal  and  ex per i men tal
data con cern ing mass and heat trans fer on B7 struc tured
pack ing,  used  for  deu te rium  sep a ra tion  in  a  dis til la tion
col  umn. From the re  sults it may be con  cluded that:
· The range of the ex  per  i  men  tal HTU val  ues is
0.1-0.2 m, for both dis  til  la  tion pro  cesses, hy  dro  -
gen and wa  ter.
· The math e mat i cal model pro posed for HTU pre -
dic tion  was  ver i fied  by  com par ing  the o ret i cal
and  ex per i men tal  data.  The  dif fer ences  be tween
these two kinds of val  ues lie in the range of
+15% for hy  dro gen dis til la tion and in the range
of +30% for wa  ter dis  til  la  tion.
· The  dif fer ences be tween  the ex per i men tal  and the -
o ret i cal  val ues  of  the  heat  trans fer  co ef fi cient  are
larger. Subcooling re flux at the col umn top, im per -
fec tions of the col umn in su la tion, and va por super -
heat ing at the col umn bot tom may be the causes of 
these large dif fer ences. This fact re quires fu ture im -
prove ment  of  the  ex per i ment  con di tions  and  cor -
rec tions  of  cri te rion  re la tion  co ef fi cients.
· The val ues of mass and heat trans fer co ef  fi cient, eval -
u ated  the o ret i cally  and  ver i fied  ex per i men tally,  are
com pa ra ble  with  other  struc tured  pack ing  (Sulzer,
Koch-Glitsch), used in the chem  i  cal in  dus  try. This
fact jus  ti  fies the use of a multi-tu  bu  lar wet  ted-wall
model for de scrib ing the trans fer pro cesses in dis til la -
tion col  umns equipped with B7 or  dered pack  ing.
The HTU val ues ob tained ex per i men tally or the -
o ret i cally pres ent the de sign ing data for hy dro gen and
heavy wa  ter plants.
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ISTRA@IVAWA  O  PRENOSU  MASE  I  TOPLOTE
B7  URE\ENOM   ISPUNOM
U radu su prikazani teorijski i eksperimentalni rezultati prou~avawa prenosa mase i
toplote B7 ure|enom ispunom za separaciju deuterijuma u destilacionoj koloni. Matemati~ki
model prenosa proveren je eksperimentalnim podacima dobijenim iz dva laboratorijska
destilaciona postrojewa za separaciju deuterijuma. Eksperimentalni podaci o efikasnosti B7
ispune za kriogenu destilaciju vodonika na nivou od oko –250 °S  dobijeni su iz jednog postrojewa,
dok su iz drugog kori{}eni podaci o prenosu mase i toplote istom ispunom za separaciju
deuterijuma vakuumskom destilacijom vode na nivou oko 60 °S. Vrednosti visine ure|aja za prenos i 
koeficijenata prenosa mase i toplote, odre|ene teorijski i eksperimentalno, uporedive su sa
raspolo`ivim podacima o separacionim postupcima u hemijskoj industriji. Ovo opravdava
upotrebu vi{ecevnog modela za opis prenosa mase i toplote u destilacionoj koloni opremqenoj
B7 ure|enom ispunom.